INTRODUCTION {#s1}
============

Cardiovascular, renal, and metabolic diseases are inextricably linked and are the leading causes of mortality and morbidity in the United States. Among metabolic dysfunctions, type II diabetes/insulin resistance ranks first. With a 23% surge in prevalence over the last decade, it now affects more than 29.1 million people \[1\]. Despite increased efforts to prevent, treat, and control type II diabetes and its sequelae, the prevalence has not decreased. The pathogenesis of type II diabetes remains unclear, and consequently, treatment is currently based on using drugs, with an emphasis on improving insulin synthesis or sensitivity rather than on treating its causative factors.

Genetic animal models, such as Lep^ob/ob^ mice or Zucker diabetic fatty rats, have contributed greatly to the understanding of type II diabetes pathophysiology. However, these genetically altered strains have an abnormal leptin function prior to the development of insulin resistance, thus making it difficult to determine precisely the contributing mechanisms. Also, genetic studies do not truly reflect the actual type II diabetes setting in the general population, partly because insulin resistance is impacted by nongenetic factors, such as exercise, diet, and endocrine hormones. Recent studies show that type II diabetes has developmental origins; that is, an adverse intrauterine environment during the critical period of fetal development causes long-term structural and functional effects in the developing fetus, predisposing it to an increased risk for development of metabolic dysfunction during adult life \[[@i0006-3363-94-1-5-b02][@i0006-3363-94-1-5-b03][@i0006-3363-94-1-5-b04][@i0006-3363-94-1-5-b05]--[@i0006-3363-94-1-5-b06]\]. Several animal studies have confirmed the observation that an unfavorable fetal environment causing fetal malnutrition---induced by restriction of food, protein, or uteroplacental blood flow---leads not only to low birth weight but also to metabolic dysfunction in adult offspring \[[@i0006-3363-94-1-5-b07][@i0006-3363-94-1-5-b08][@i0006-3363-94-1-5-b09]--[@i0006-3363-94-1-5-b10]\].

Recently, attention has focused on maternal androgen exposure because the number of pregnant women with elevated circulating testosterone levels and their problems with low birth weight and adverse adult health consequences are rapidly increasing. Higher androgen levels are reported in several obstetric pathological conditions that lead to fetal growth restriction, such as preeclampsia \[[@i0006-3363-94-1-5-b11][@i0006-3363-94-1-5-b12]--[@i0006-3363-94-1-5-b13]\], maternal polycystic ovary syndrome (PCOS) \[[@i0006-3363-94-1-5-b14], [@i0006-3363-94-1-5-b15]\], obesity \[[@i0006-3363-94-1-5-b16], [@i0006-3363-94-1-5-b17]\], stress \[[@i0006-3363-94-1-5-b18], [@i0006-3363-94-1-5-b19]\], and smoking \[[@i0006-3363-94-1-5-b20][@i0006-3363-94-1-5-b21]--[@i0006-3363-94-1-5-b22]\]. In addition, pregnant African-American mothers have higher serum testosterone levels and a greater frequency of low-birth-weight babies \[[@i0006-3363-94-1-5-b23][@i0006-3363-94-1-5-b24]--[@i0006-3363-94-1-5-b25]\]. Moreover, the highest rates of adult metabolic dysfunction are also concentrated in these populations \[[@i0006-3363-94-1-5-b26]\]. In addition, dysregulated factors, such as hypoxia \[[@i0006-3363-94-1-5-b27]\], retinoids \[[@i0006-3363-94-1-5-b28]\], tumor-necrosis factor alpha \[[@i0006-3363-94-1-5-b29]\], lipid radicals \[[@i0006-3363-94-1-5-b30]\], insulin \[[@i0006-3363-94-1-5-b11]\], and leptin \[[@i0006-3363-94-1-5-b31]\], during preeclampsia, which is known to down-regulate aromatase \[[@i0006-3363-94-1-5-b35]--[@i0006-3363-94-1-5-b35]\], could contribute for maternal androgen increase.

Testosterone is an important regulator of growth and differentiation during fetal development \[[@i0006-3363-94-1-5-b36], [@i0006-3363-94-1-5-b37]\]. Prenatal androgen excess in pregnant women, as well as in animals, is consistently associated with low birth weight \[[@i0006-3363-94-1-5-b38][@i0006-3363-94-1-5-b39]--[@i0006-3363-94-1-5-b40]\] and with postnatal catch-up growth that is known to amplify adult life outcomes \[[@i0006-3363-94-1-5-b41]\]. In addition to its effect on fetal growth, elevated testosterone levels during pregnancy have lasting effects in the offspring, causing reproductive and endocrine disturbances in adult life \[[@i0006-3363-94-1-5-b42], [@i0006-3363-94-1-5-b43]\]. In fact, prenatal exposure to testosterone was consistently shown to lead to hyperandrogenemia in both male and female offspring \[[@i0006-3363-94-1-5-b44], [@i0006-3363-94-1-5-b45]\], consistent with reports of boys and girls born to mothers with PCOS and higher testosterone levels \[[@i0006-3363-94-1-5-b46], [@i0006-3363-94-1-5-b47]\]. In female offspring, it has been reported that prenatal testosterone treatment leads to the development of hypertension \[[@i0006-3363-94-1-5-b48], [@i0006-3363-94-1-5-b49]\], insulin resistance \[[@i0006-3363-94-1-5-b03], [@i0006-3363-94-1-5-b04], [@i0006-3363-94-1-5-b50], [@i0006-3363-94-1-5-b51]\], visceral adiposity \[[@i0006-3363-94-1-5-b02], [@i0006-3363-94-1-5-b52]\], and increased triglycerides and cholesterol \[[@i0006-3363-94-1-5-b50], [@i0006-3363-94-1-5-b53]\] during adult life. Although prenatal testosterone exposure leads to the development of these cardinal features of PCOS in adult female rats, whether a similar phenotype occurs in adult males is unclear. Because fetal programming studies have shown sex-related differences in the occurrence of postnatal outcomes, with a more pronounced effect in males than in females \[[@i0006-3363-94-1-5-b09], [@i0006-3363-94-1-5-b54], [@i0006-3363-94-1-5-b55]\], and because gonadal steroids are key regulators of metabolic function \[[@i0006-3363-94-1-5-b45], [@i0006-3363-94-1-5-b56]\], we tested whether prenatal testosterone exposure leads to glucose intolerance in adult males and assessed the influence of gonadal hormones on glucose homeostasis in these animals

MATERIALS AND METHODS {#s2}
=====================

Animals {#s2a}
-------

Timed-pregnant Sprague-Dawley rats were purchased from Harlan Laboratories on Day 12 of pregnancy. Rats were maintained on a 12L:12D photoperiod in a temperature-controlled room (23°C) and provided with ad libitum food and water. The experimental procedures are in accordance with the National Institutes of Health guidelines (NIH Publication 85--23, revised 1996) for care and use of animals and approved by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch. On Day 15 of pregnancy, rats were divided into control and treatment groups (n = 8 in each group). The control group received vehicle (sesame oil) subcutaneously, and the treatment group received testosterone propionate (TP; 0.5 mg/kg) subcutaneously from Day 15 to Day 19 of gestation. Dose and duration of TP were selected to mimic increases in testosterone levels in pregnant women with preeclampsia \[[@i0006-3363-94-1-5-b56]\]. This treatment leads to an increase in plasma testosterone levels to 2.2 ± 0.23 (mean ± SEM) ng/ml in TP-treated dams compared to 1.0 ± 0.25 (mean ± SEM) ng/ml in vehicle-treated control dams (n = 8 in each group; *P* \< 0.05). Rats were allowed to deliver normally, and birth weight was recorded within 12 h of birth. The number of pups per control and TP-treated mother were kept at 10 to ensure equal nutrient access for each pup. When possible, the male:female ratio was also kept equal. On weaning, pups were separated from their mothers; only male pups were used in the present study. Pups were allowed to eat a regular diet ad libitum. At 7 wk of age, control and TP-exposed offspring were sham-operated or orchiectomized as previously described \[[@i0006-3363-94-1-5-b44]\] and reared up to 24 wk of age. Body weight was monitored weekly. Changes in plasma testosterone levels and glucose homeostasis were measured at 24 wk of age. Then, the rats were killed, and skeletal muscle (gastrocnemius) and pancreases were collected for protein analysis and histopathology. At the same time, retroperitoneal and subcutaneous fat pads were excised and weighed.

Plasma Testosterone Levels {#s2b}
--------------------------

Plasma testosterone levels in the samples were measured using an ELISA kit (ADI-900-065; Enzo Life Sciences) as described previously \[[@i0006-3363-94-1-5-b57]\]. The minimum detectable concentration of testosterone is 6 pg/ml. The intra- and interassay coefficients of variation for testosterone were each lower than 5%.

Glucose Tolerance Test {#s2c}
----------------------

Rats were fasted overnight for 14 h and then given glucose (2 g/kg) using oral gavage. Blood was collected before (time 0) and 30, 60, 90, 120, 180, and 240 min after oral gavage. Blood glucose levels were measured using an automatic glucometer (StatStrip; REF42214; Nova Biosciences).

Insulin Measurements {#s2d}
--------------------

Insulin was measured using a rat insulin ELISA kit (10-1250-01; Mercodia) following the manufacturer\'s instruction. Briefly, heparinized blood was centrifuged for 15 min at 3000 rpm and 4°C for plasma isolation, and 10 μl of plasma or calibrators and 100 μl of enzyme conjugate were mixed and incubated for 2 h at room temperature with constant shaking. After washing, 200 μl of 3,3′,5,5′-tetramethylbenzidine substrate were added and incubated for 15 min for color development. The reaction was then stopped by adding 50 μl of stop solution. Absorbance was read at 450 nm using a FLUOstar Omega plate reader (BMG Labtech Gmbh), and the results were calculated with cubic spline regression fit using FLUOstar Omega data analysis software. The sensitivity of the insulin assay is 0.07 g/L, with an inter-and intra-assay precision of 3.3 and 1.8, respectively.

Plasma C-Peptide Levels {#s2e}
-----------------------

C-peptide in the plasma was measured using a solid-phase two-site enzyme immunoassay (10-1172-01; Rat C-Peptide ELISA; Mercodia). Ten microliters of plasma or calibrators and 50 μl of assay buffer were mixed and incubated for 1 h at room temperature with constant shaking. After washing, 100 μl of enzyme conjugate were added, followed by a 1-h incubation at room temperature with constant shaking. Two hundred microliters of substrate TMB were added after a final wash and incubated for 15 min on the bench. The reaction was then stopped by adding 50 μl of stop solution. Absorbance was read at 450 nm using a FLUOstar Omega plate reader, and the results were calculated with cubic spline regression fit using FLUOstar Omega data analysis software. The sensitivity of the C-peptide assay is 27.5 pmol/L^−1^, with an inter- and intra-assay precision of 2.9 and 4.4, respectively.

Homeostatic Model Assessment {#s2f}
----------------------------

Insulin resistance (homeostatic model assessment \[HOMA\]-IR) and insulin sensitivity (HOMA-IS) were calculated as described by Hsing et al. \[[@i0006-3363-94-1-5-b59]\] and Park et al. \[[@i0006-3363-94-1-5-b60]\] as follows:

Pancreas Morphology and Immunohistochemistry {#s2g}
--------------------------------------------

Pancreatic tissue was processed as previously described \[[@i0006-3363-94-1-5-b61]\]. In brief, the pancreas was dissected and fixed in 4% formaldehyde before being embedded in paraffin. Then, 5-μm sections (Histopathology Core Facility, University of Texas Medical Branch) were deparaffinized and rehydrated, followed by heat-induced antigen retrieval. Three pancreatic sections per male rat, separated by at least 200 μm, were stained with hematoxylin-and-eosin. Sections were also immunostained for insulin (1:300; ab181547; Abcam), and secondary incubation was performed at room temperature for 1 h using anti-rabbit fluorescein isothiocyanate (FITC; ab97050; Abcam). Sections were imaged with an Olympus IX71 microscope at 10× magnification. Four random fields were selected per section as described by Huang et al. \[[@i0006-3363-94-1-5-b62]\]. In each pancreatic section, the number of islets, mean islet area, fluorescent intensity, and area of insulin immune-reactivity were measured using ImageJ software (http:/rsh.info.nih.gov/ij/). Islet number was defined as the number of islets per microscopic field. The number of islets was expressed per square micrometer of the total area of the pancreas. For islet size, images of islets were traced and analyzed with the use of ImageJ software. Islet size was examined as the total islet area divided by the total number of islets. The islet size was examined by analyzing four clusters per pancreatic section.

Apoptosis and Proliferation {#s2h}
---------------------------

Slides were blocked with 10% normal serum with 1% bovine serum albumin in Tris-buffered saline and treated with rabbit anti-Ki67 antibody (ab15580; Abcam), followed by FITC-secondary antibody (ab97050; Abcam). TUNEL assay was performed using an in situ apoptosis detection kit (S7110; Millipore) according to manufacturer\'s instructions. Sections were double labeled with insulin to help identify events that occurred within endocrine versus exocrine tissue. Negative controls were developed with the same protocol, less the addition of the primary antibodies. The number of apoptotic and Ki67-positive events was manually counted and divided by total surface area scanned using ImageJ.

Western Blot Analysis {#s2i}
---------------------

A protocol similar to those used in our previous studies was followed \[[@i0006-3363-94-1-5-b08]\]. In brief, gastrocnemius muscles were weighed and homogenized in a 1× radio-immunoprecipitation assay buffer (4°C; Cell Signaling Technology) containing a protease inhibitor tablet (11836170001; Roche) and Phosphatase Inhibitor Cocktails 2 and 3 (P5726 and P0044; Sigma). Lysates were then sonicated using three bursts of 5 sec each at 30% power and were spun at 14 000 × *g* for 10 min. Total proteins were quantified using a BCA Protein Assay Kit (23227; Thermo Scientific). Proteins (30 μg) in supernatant were suspended in NuPAGE LDA Sample Buffer and Reducing Agent (Invitrogen) and resolved on 4%--12% precasted gradient polyacrylamide gels (NP0301BOX; NuPAGE Life Technologies) alongside Precision Plus Standard (161-0375; Kaleidoscope; Bio-Rad Laboratories). Furthermore, proteins in gel were transferred to polyvinylidene difluoride membranes (Millipore) by electroblotting. Membranes were blocked with 5% nonfat dried milk for 1 h, then incubated with primary antibodies at 4°C overnight. Antibodies for insulin receptor (IR) β (1:500, catalog no. 610109) were obtained from BD Bioscience. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies (1:2500; catalog no. ab9485) were obtained from Abcam. After incubation and washing, membranes were incubated with secondary antibodies (anti-mouse and anti-rabbit conjugated with horseradish peroxidase) at 1:12 000 dilutions for 1 h and detected with an ECL detection kit (WBKLS0100; Millipore). After development, a densitometric analysis was performed using ImageJ software.

Statistical Analysis {#s2j}
--------------------

Statistical analyses were performed using GraphPad Prism software. Data are presented as the mean ± SEM. Comparisons between the two groups were performed using unpaired Student *t*-tests. Comparisons between multiple groups were performed using ANOVA, followed by Newman-Keuls tests. When two factors were involved, statistical analyses were performed with a two-way ANOVA, followed by Bonferroni tests. Differences were considered to be statistically significant at *P* \< 0.05. The term "n" refers the number of litters studied.

RESULTS {#s3}
=======

Birth Weight and Postnatal Growth {#s3a}
---------------------------------

Testosterone administration during pregnancy in rats caused fetal growth restriction. Male pups were 11% smaller at birth compared to corresponding controls (n = 8 litters in each group) ([Fig. 1](#i0006-3363-94-1-5-f01){ref-type="fig"}A). The length of gestation was not significantly affected by prenatal TP treatment (control, 22 ± 0.3 days; T, 22 ± 0.7 days; n = 8 in each group), and no significant differences were noted in the mean litter size between the control (13.4 ± 1.8) and TP-treated (12.8 ± 1.6) dams. These results are consistent with those in our previous publications \[[@i0006-3363-94-1-5-b45], [@i0006-3363-94-1-5-b63], [@i0006-3363-94-1-5-b64]\].

![Effect of prenatal testosterone exposure on birth weight and growth rate changes. Birth weight (**A**) was measured within 12 h of birth, and growth rates (**B**) were monitored each week up to 24 wk of age in intact and orchiectomized males of control and prenatally TP-exposed groups. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 6--8 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f01){#i0006-3363-94-1-5-f01}

The prenatally TP-exposed males maintained a smaller body weight throughout adult life ([Fig. 1](#i0006-3363-94-1-5-f01){ref-type="fig"}B). Orchiectomy attenuated body weight gain in both groups, but orchiectomized prenatally TP-exposed males maintained smaller body weights compared to orchiectomized controls (n = 6--7, *P* \< 0.05) ([Fig. 1](#i0006-3363-94-1-5-f01){ref-type="fig"}B).

Fat Data {#s3b}
--------

At 24 wk of age, the retroperitoneal and subcutaneous fat deposition in TP-exposed males was similar to that in controls (n = 6 in each group) ([Fig. 2](#i0006-3363-94-1-5-f02){ref-type="fig"}). Orchiectomy did not affect fat deposition in TP-exposed males but significantly increased fat accumulation in both retroperitoneal and subcutaneous fat in controls (n = 7 in each group, *P* \< 0.05) ([Fig. 2](#i0006-3363-94-1-5-f02){ref-type="fig"}). Thus, retroperitoneal and subcutaneous fat deposition was significantly lower in orchiectomized TP-exposed males compared to orchiectomized controls (*P* \< 0.05) ([Fig. 2](#i0006-3363-94-1-5-f02){ref-type="fig"}).

![Effect of prenatal testosterone exposure on fat deposition. Retroperitoneal (**A**) and subcutaneous (**B**) fat accumulation was measured at 24 wk of age in intact and orchiectomized males of control and prenatally TP-exposed groups. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 6--7 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f02){#i0006-3363-94-1-5-f02}

Plasma Testosterone Levels {#s3c}
--------------------------

Plasma testosterone levels were significantly higher (1.5-fold) in testes-intact, TP-exposed males (n = 7, *P* \< 0.05) ([Fig. 3](#i0006-3363-94-1-5-f03){ref-type="fig"}) compared with intact controls (n = 7), and testosterone levels were markedly reduced following orchiectomy in both TP-exposed males (n = 7) and controls (n = 8; *P* \< 0.05) compared with their intact counterparts ([Fig. 3](#i0006-3363-94-1-5-f03){ref-type="fig"}). However, testosterone levels were significantly higher (2-fold) in orchiectomized TP-exposed males (n = 7, *P* \< 0.05) compared with orchiectomized controls (n = 7).

![Effect of prenatal testosterone exposure on plasma testosterone levels of adult males. Plasma testosterone levels were measured in intact and orchiectomized control and prenatally TP-exposed males. Blood was collected through cardiac puncture following CO~2~ inhalation at 24 wk of age. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 7--8 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f03){#i0006-3363-94-1-5-f03}

Fasting Plasma Glucose, Insulin, and C-Peptide Levels {#s3d}
-----------------------------------------------------

Fasting glucose levels in TP-exposed males (7.27 ± 0.34 mmol/L, n = 6) were similar to those in controls (7.36 ± 0.39 mmol/L, n = 6). Orchiectomy did not alter fasting glucose levels in both TP-exposed males (7.24 ± 0.22 mmol/L, n = 7) and in controls (7.04 ± 0.13 mmol/L, n = 8) compared with their intact counterparts ([Fig. 4](#i0006-3363-94-1-5-f04){ref-type="fig"}A). Thus, fasting glucose levels were not significantly different between orchiectomized TP-exposed males (n = 7) and orchiectomized controls (n = 8).

![Effect of prenatal testosterone exposure on fasting glucose (**A**), insulin (**B**), and C-peptide (**C**) levels measured in intact and orchiectomized control and prenatally TP-exposed males. Animals were fasted overnight, and blood was collected through the retro-orbital plexus following CO~2~ inhalation at 24 wk of age. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 6--8 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f04){#i0006-3363-94-1-5-f04}

Fasting insulin levels in TP-exposed males (149.38 ± 28.99 pmol/L, n = 6) were significantly higher than in controls (70.21 ± 18.92 pmol/L, n = 6, *P* \< 0.05). Orchiectomy negated the marked increase in fasting insulin levels observed in TP-exposed males (80.18 ± 24.51 pmol/L, n = 7, *P* \< 0.05) but did not have a significant effect in controls (65.91 ± 9.52 pmol/L, n = 8) ([Fig. 4](#i0006-3363-94-1-5-f04){ref-type="fig"}B). Thus, no significant difference in fasting insulin levels was found between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 4](#i0006-3363-94-1-5-f04){ref-type="fig"}B).

To determine whether the increased plasma insulin levels in TP-exposed rats were a consequence of increased secretion from β cells, we also determined levels of C-peptide, which is cosecreted with insulin from β cells at a 1:1 molar ratio, as a reliable measurement of secretion \[[@i0006-3363-94-1-5-b65]\]. Fasting C-peptide levels in plasma were higher in TP-exposed males (453.58 ± 57.68 pmol/L, n = 6, *P* \< 0.05) than in controls (242.32 ± 19.23 pmol/L, n = 6). Orchiectomy normalized C-peptide levels in TP-exposed males (232.97 ± 36.19 pmol/L, n = 7, *P* \< 0.05) but did not have any effect in controls (273.57 ± 24.53 pmol/L, n = 8) ([Fig. 4](#i0006-3363-94-1-5-f04){ref-type="fig"}C). No significant difference in C-peptide levels was found between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 4](#i0006-3363-94-1-5-f04){ref-type="fig"}C).

HOMA-IR and HOMA-IS {#s3e}
-------------------

An index of insulin resistance, HOMA-IR was significantly higher in the TP-exposed males (7.03 ± 1.28, n = 7, *P* \< 0.05) compared to their controls (3.35 ± 0.82, n = 6) ([Fig. 5](#i0006-3363-94-1-5-f05){ref-type="fig"}A). Orchiectomy significantly decreased HOMA-IR in the TP-exposed group (3.84 ± 1.26, n = 7, *P* \< 0.05) but did not have a significant effect in controls compared with their intact counterparts (2.98 ± 0.46, n = 8) ([Fig. 5](#i0006-3363-94-1-5-f05){ref-type="fig"}A). Thus, no significant difference in HOMA-IR was found between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 5](#i0006-3363-94-1-5-f05){ref-type="fig"}A).

![Effect of prenatal testosterone exposure on HOMA-IR (**A**) and HOMA-IS (**B**) measured in intact and orchiectomized control and prenatally TP-exposed males. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 6--8 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f05){#i0006-3363-94-1-5-f05}

The HOMA-IS was the opposite: insulin sensitivity in the TP-exposed males (13.36 ± 2.70, n = 7, *P* \< 0.05) was lower than that in the controls (34.72 ± 10.16, n = 7) ([Fig. 5](#i0006-3363-94-1-5-f05){ref-type="fig"}B). Orchiectomy significantly increased HOMA-IS in the TP-exposed group (32.41 ± 7.65, n = 7, *P* \< 0.05) but did not have a significant effect in controls (30.17 ± 4.90, n = 8) ([Fig. 5](#i0006-3363-94-1-5-f05){ref-type="fig"}B) compared with their intact counterparts. Thus, no significant difference in HOMA-IS was found between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 5](#i0006-3363-94-1-5-f05){ref-type="fig"}B).

Glucose Tolerance Test {#s3f}
----------------------

To further characterize the effects of prenatal TP exposure on glucose handling, glucose tolerance was assessed using an oral glucose tolerance test. After administration of glucose, plasma glucose levels in TP-exposed males were significantly higher than in controls at 30 min (12.71 ± 1.14 vs. 9.17 ± 0.32 mmol/L, *P* \< 0.05) and 60 min (10.83 ± 0.55 vs. 8.42 ± 0.30 mmol/L, *P* \< 0.05) ([Fig. 6](#i0006-3363-94-1-5-f06){ref-type="fig"}A), followed by no difference at other time points. Orchiectomy did not affect glucose responses in both TP-exposed males and controls compared to their respective testes-intact groups (n = 6 in each group) ([Fig. 6](#i0006-3363-94-1-5-f06){ref-type="fig"}B). Thus, the orchiectomized TP-exposed males maintained significantly higher plasma glucose levels than in controls at 30 min (12.94 ± 1.14 vs. 9.00 ± 0.54 mmol/L, *P* \< 0.05) and 60 min (10.96 ± 0.69 vs. 8.28 ± 0.49 mmol/L, *P* \< 0.05), followed by no difference at other time points ([Fig. 6](#i0006-3363-94-1-5-f06){ref-type="fig"}B).

![Effect of prenatal testosterone exposure on blood glucose clearance following oral glucose tolerance test in intact (**A**) and orchiectomized (**B**) control and prenatally TP-exposed males and on glycemia AUC (**C**) generated from the glucose tolerance test. Blood samples were collected at 0, 30, 60, 90, 120, 180, and 240 min following oral glucose (2 g/kg) administration. The overall plasma glucose levels are expressed as the AUC calculated by the trapezoidal method. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 6--7 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f06){#i0006-3363-94-1-5-f06}

Area-under-the-curve (AUC) analysis (mmol/L × 240 min) of glucose responses revealed glucose intolerance in TP-exposed males (811.82 ± 86.54, n = 6, *P* **\<** 0.05) compared with controls (496.82 ± 47.96, n = 6), which was maintained after gonadectomy ([Fig. 6](#i0006-3363-94-1-5-f06){ref-type="fig"}C). Glycemia AUC was significantly higher in orchiectomized TP-exposed males (864.45 ± 74.04, n = 7, *P* \< 0.05) compared with orchiectomized controls (509.43 ± 115.05, n = 7) ([Fig. 6](#i0006-3363-94-1-5-f06){ref-type="fig"}C).

Insulin Responses {#s3g}
-----------------

In response to an oral glucose challenge, TP-exposed males exhibited an increase in plasma insulin levels compared to controls at 30 min (272.34 ± 8.25 vs. 162.63 ± 16.87 pmol/L, *P* \< 0.05), followed by no difference at other time points ([Fig. 7](#i0006-3363-94-1-5-f07){ref-type="fig"}A). Orchiectomy significantly decreased plasma insulin levels at 30 min in TP-exposed males (156.71 ± 30.48, n = 7, *P* \< 0.05) and was without any effect in controls (137.78 ± 24.05, n = 7) compared to their respective testis-intact counterparts ([Fig. 7](#i0006-3363-94-1-5-f07){ref-type="fig"}B). Thus, following an oral glucose challenge, no significant difference in insulin responses was found between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 7](#i0006-3363-94-1-5-f07){ref-type="fig"}B).

![Effect of prenatal testosterone exposure on insulin responses following oral glucose tolerance test in intact (**A**) and orchiectomized (**B**) control and prenatally TP-exposed males and on insulin AUC (C) generated from the glucose tolerance test. Blood samples were collected at 0, 30, 60, 90, 120, 180, and 240 min following oral glucose (2 g/kg) administration. The overall plasma glucose levels are expressed as the AUC calculated by the trapezoidal method. Bars with different superscript letters differ significantly (*P* \< 0.05). All data are expressed as the mean ± SEM (n = 6--8 animals in each group). OCX, orchiectomy.](i0006-3363-94-1-5-f07){#i0006-3363-94-1-5-f07}

The overall plasma insulin responses, expressed as insulin AUC after oral glucose administration, were greater in TP-exposed males (18 398 ± 1762.34 pmol/L, n = 6, *P* \< 0.05) compared with controls (11 335.75 ± 1498.35 pmol/L, n = 6). Orchiectomy significantly reduced insulin AUC in the TP-exposed group (11 761.4 ± 2317.94 pmol/L, n = 8, *P* ≤ 0.05) but had no effect in controls (12 712.6 ± 1977.62 pmol/L, n = 6) ([Fig. 7](#i0006-3363-94-1-5-f07){ref-type="fig"}C). Thus, insulin AUC was not significantly different between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 7](#i0006-3363-94-1-5-f07){ref-type="fig"}C).

Pancreatic Islets {#s3h}
-----------------

To elucidate how prenatal testosterone exposure could affect the development of the pancreas, sections of pancreas were analyzed for islet numbers, size, and β-cell area. The number of pancreatic islets were significantly lower in TP-exposed males (1.5 ± 0.64, n = 5, *P* \< 0.05) ([Fig. 8](#i0006-3363-94-1-5-f08){ref-type="fig"}) compared to controls (4.0 ± 0.57, n = 5). Also, islet size, (i.e., mean islet area) was significantly smaller in TP-exposed males (76.68 ± 35.84 per mm^2^ section, n = 5, *P* \< 0.05) compared to controls (160.90 ± 24.38 per mm^2^ section, n = 5) ([Fig. 8](#i0006-3363-94-1-5-f08){ref-type="fig"}). Orchiectomy significantly increased the number and size of pancreatic islets in TP-exposed males but did not alter them in controls (n = 5 in each group) ([Fig. 8](#i0006-3363-94-1-5-f08){ref-type="fig"}). The number and size of pancreatic islets were not significantly different between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 8](#i0006-3363-94-1-5-f08){ref-type="fig"}).

![Effect of prenatal testosterone exposure on pancreatic histology. Pancreatic sections from intact and orchiectomized control and prenatally TP-exposed males were stained with hematoxylin and eosin. **A**) Representative islets from each group. Original magnification ×40. **B**) The number of islets and mean islet area were determined as described in *Materials and Methods*. Values are presented as the mean ± SEM (n = 5 animals in each group). Different superscript letters indicate significant differences (*P* \< 0.05).](i0006-3363-94-1-5-f08){#i0006-3363-94-1-5-f08}

The intensity of insulin staining in TP-exposed males was greater compared to that in controls (44.61 ± 2.05 vs. 17.49 ± 0.86, n = 5), whereas orchiectomy decreased the staining intensity in TP-exposed males (19.97 ± 2.42, n = 5) but did not affect controls ([20.29](20.29) ± 1.00, n = 5) ([Fig. 9](#i0006-3363-94-1-5-f09){ref-type="fig"}, A and B). The intensity of insulin staining was not significantly different between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 9](#i0006-3363-94-1-5-f09){ref-type="fig"}, A and B).

![Effect of prenatal testosterone exposure on β-cell area. Pancreatic sections from intact and orchiectomized control and prenatally TP-exposed males were stained with anti-insulin antibody. **A**) Representative immunofluorescence images of insulin. Original magnification ×40. **B** and **C**) Insulin staining intensity (green fluorescence) per nuclei (blue fluorescence) (**B**) and β-cell area (**C**) relative to total pancreas area were quantified from pancreatic sections. Four clusters per pancreatic section and three pancreatic sections per animal were examined. Values are presented as the mean ± SEM (n = 5 animals in each group). Different superscript letters indicate significant differences (*P* \< 0.05).](i0006-3363-94-1-5-f09){#i0006-3363-94-1-5-f09}

The relative β-cell area was significantly decreased in TP-exposed males compared to controls (1.55% ± 0.14% vs. 2.90% ± 0.14%, n = 5 in each group, *P* \< 0.05) ([Fig. 9](#i0006-3363-94-1-5-f09){ref-type="fig"}C); however, orchiectomy significantly increased β-cell area in TP-exposed males (3.27% ± 0.23%, n = 5, *P* \< 0.05) but did not affect controls (2.92% ± 0.18%, n = 5, *P* \< 0.05). Thus, no significant difference in β-cell area was found between orchiectomized TP-exposed males and orchiectomized controls ([Fig. 9](#i0006-3363-94-1-5-f09){ref-type="fig"}C).

Apoptosis and Proliferation {#s3i}
---------------------------

None of the groups exhibited positive TUNEL staining, and no significant difference in the number of Ki67-positive cells was found between groups (data not shown).

Expression of IRβ protein {#s3j}
-------------------------

To determine whether the glucose dysregulation in TP-exposed rats is due to altered ability of the cells to interact with insulin, expression of the β subunit of IR in gastrocnemius muscle was examined. IRβ protein expression in TP-exposed males was significantly lower compared to controls (n = 5, *P* \< 0.05) ([Fig. 10](#i0006-3363-94-1-5-f10){ref-type="fig"}). Orchiectomy did not alter IRβ levels in both TP-exposed males (n = 7) and controls (n = 8) compared to their intact counterparts, and thus the IRβ levels were significantly lower in the orchiectomized TP-exposed males (*P* \< 0.05) compared to orchiectomized controls ([Fig. 10](#i0006-3363-94-1-5-f10){ref-type="fig"}).

![Effect of prenatal testosterone exposure on IRβ protein expression. IR-β levels were determined in gastrocnemius muscle from intact and orchiectomized control and prenatally TP-exposed males. Representative Western blots for IR-β (**top**) and blot density obtained from densitometric scanning of IR-β normalized to GAPDH (**bottom**) are shown. Values are presented as the mean ± SEM (n = 5--8 animals in each group). Different superscript letters indicate significant differences (*P* \< 0.05).](i0006-3363-94-1-5-f10){#i0006-3363-94-1-5-f10}

DISCUSSION {#s4}
==========

The major findings of the present study are that elevated maternal testosterone levels during pregnancy, at clinically relevant concentrations, lead to hyperinsulinemia paralleled by a decrease in pancreatic islet number, size, β-cell area, and insulin resistance in adult male offspring. In addition, following oral glucose administration, the prenatally TP-exposed rats exhibit glucose intolerance in adult life, with higher plasma glucose levels in spite of exaggerated insulin responses. Hyperandrogenism appears to be the underlying factor inducing hyperinsulinemia and to be partially responsible for insulin resistance because peripubertal gonadectomy reverses hyperinsulinemia; restores pancreatic islet number, size, and β-cell area; and improves insulin sensitivity in adult offspring. However, gonadectomy does not restore the impaired glucose homeostasis induced by an oral glucose tolerance test. Decreased IRβ expression in the skeletal muscles may contribute, in part, to the observed glucose intolerance in this model of developmental programming.

Mounting evidence indicates that elevated testosterone levels during pregnancy may have adverse effects on fetal growth and thereby increase the potential for an increased risk of metabolic dysfunction in adult life \[[@i0006-3363-94-1-5-b45], [@i0006-3363-94-1-5-b48], [@i0006-3363-94-1-5-b64], [@i0006-3363-94-1-5-b66]\]. Prenatal testosterone exposure is shown to cause fetal growth restriction leading to low-birth-weight offspring \[[@i0006-3363-94-1-5-b40], [@i0006-3363-94-1-5-b57], [@i0006-3363-94-1-5-b63], [@i0006-3363-94-1-5-b67]\]. Consistently, the present study showed that elevated maternal testosterone leads to a significant reduction in pup birth weight. Whether the increase in fetal testosterone levels directly contributes to growth restriction is not known. However, fetal growth restriction may be secondary to the impact of prenatal testosterone treatment on placental physiology, as elevated testosterone has been shown to alter placental development and differentiation and restrict nutrient transfer to fetuses \[[@i0006-3363-94-1-5-b63], [@i0006-3363-94-1-5-b68]\]. These low-birth-weight testosterone males do not exhibit catch-up growth (present study), contrary to earlier reports in which the prenatal testosterone-exposed females showed early postnatal catch-up growth between 8 and 16 wk of age \[[@i0006-3363-94-1-5-b40], [@i0006-3363-94-1-5-b64]\]. Furthermore, our study shows that prenatal testosterone exposure does not alter adiposity, as the subcutaneous and peritoneal fat deposition was comparable to that in controls, which is in contrast to prenatal testosterone-exposed adult females that show increased visceral adiposity \[[@i0006-3363-94-1-5-b02]\]. This difference suggests that postnatal growth responses and fat deposition following prenatal testosterone exposure may vary depending on the sex of the offspring, with only females exhibiting catch-up growth and adiposity.

Consistent with evidence showing that boys and girls of mothers with PCOS are often hyperandrogenic \[[@i0006-3363-94-1-5-b46], [@i0006-3363-94-1-5-b47]\], we and others using this model of prenatal androgen exposure have shown that adult males and females tend to produce higher testosterone levels than controls \[[@i0006-3363-94-1-5-b44], [@i0006-3363-94-1-5-b45], [@i0006-3363-94-1-5-b69], [@i0006-3363-94-1-5-b70]\]. Normally, testes are the primary source of testosterone, and consistently, we show that orchiectomy of control and TP-exposed males significantly decreases testosterone production. However, the testosterone levels in orchiectomized TP-exposed males were significantly higher than in orchiectomized controls, suggesting increased testosterone production from nontestes sources \[[@i0006-3363-94-1-5-b71]\].

Although glucose levels were maintained, the TP-exposed males had an increased fasting circulating insulin level paralleled by an increase in HOMA-IR and reduction in HOMA-IS, suggesting insulin resistance. Upon glucose administration, TP-exposed males, unlike controls, exhibited glucose intolerance with elevated plasma glucose (higher glycemia AUC) in spite of exaggerated insulin responses (higher insulin AUC). Thus, although the basal glucose levels seem unaltered with prenatal testosterone exposure, the induced responses are severely altered, leading to metabolic disturbances, which contrasts with the prenatal testosterone-exposed adult females, in which no differences in glucose tolerance are reported but changes in fasting hyperinsulinemia are seen \[[@i0006-3363-94-1-5-b02]\]. Presence of estradiol may contribute to less severe phenotype in females \[[@i0006-3363-94-1-5-b02], [@i0006-3363-94-1-5-b72]\]. Hyperinsulinemia is often observed with obesity and insulin resistance \[[@i0006-3363-94-1-5-b73], [@i0006-3363-94-1-5-b74]\]; however, the lack of alteration in fat deposition in TP-exposed males compared to controls suggests that adiposity may not be the contributory factor in mediating hyperinsulinemia. The observation of higher HOMA-IR and increased glycemia AUC in TP-exposed males suggests that hyperinsulinemia may be secondary or compensatory to altered insulin sensitivity at peripheral organs. Surprisingly, the smaller number and size of islets and β-cell area in TP-exposed males do not substantiate the observed hyperinsulinemia in these animals. Analysis of C-peptide levels confirms that TP-exposed males are indeed hyperinsulinemic and clarifies that the increase in insulin levels may not be due to deficits in clearance but may be related to increased synthesis. Consistently, the increased intensity of insulin staining in the smaller islets of TP-exposed males suggests that these males produce higher insulin content per β-cell area. This leads to the question of whether such pathophysiology is a potential nidus for β cell dysfunction and eventual burnout and, maybe, analogous to a prediabetic state in humans \[[@i0006-3363-94-1-5-b75]\]. The finding that orchiectomy of TP-exposed males reduces both testosterone and hyperinsulinemia suggests that elevated testosterone may play a critical role in provoking increased insulin secretion. The finding that orchiectomy does not affect glucose intolerance following oral glucose administration but reverses exaggerated glucose-induced insulin responses further confirms a role for elevated testosterone in facilitating higher insulin responses. However, orchiectomy restoring the number and size of islets and β-cell area suggests that elevated testosterone in TP-exposed males has a role in maintaining smaller and hypersecretory β cells. Evidence indicates that testosterone has a paradoxical ability to induce apoptosis, inhibit proliferation \[[@i0006-3363-94-1-5-b76]\], and expand islets \[[@i0006-3363-94-1-5-b77]\], as well as to improve islet function by increasing insulin gene expression, transcription \[[@i0006-3363-94-1-5-b78]\], and secretion \[[@i0006-3363-94-1-5-b78], [@i0006-3363-94-1-5-b79]\] in vivo in rats and in vitro in pancreatic islets \[[@i0006-3363-94-1-5-b78]\]. Thus, we suggest that hyperandrogenism may be an underlying factor for hyperinsulinemia and insulin resistance in the prenatally TP-exposed adult males. Murine studies have demonstrated severely limited β-cell proliferation with advancing age \[[@i0006-3363-94-1-5-b80], [@i0006-3363-94-1-5-b81]\]. The lack of increased proliferation of β cells in our hyperinsulinemic TP-exposed males illustrates this as well; the adaptation to produce more insulin appears to come from hypersensitive islets rather than an increased number or area. The almost complete absence of apoptosis in these same pancreata, however, attests to the resilience and long lifespan of β cells that have also been previously reported \[[@i0006-3363-94-1-5-b82]\]. Future studies should examine testosterone-exposed males at ages earlier than 6 mo to examine how prenatal androgens alter the establishment and expansion of islets. Also, studies are warranted to examine if restoration of testosterone restores hyperinsulinemia and insulin resistance in orchiectomized male rats exposed to testosterone during prenatal life.

Although orchiectomy decreased HOMA-IR and increased HOMA-IS, glucose intolerance was persistent in orchiectomized TP-exposed males, suggesting that glucose dysregulation is independent of postnatal testosterone levels and may be due to the permanent programming effect induced by the prenatal insult. The question arises as to how androgens provoke glucose intolerance and insulin resistance. The presence of reduced IRβ protein levels in the skeletal muscle, which is the major glucose utilizer and contributor of insulin resistance \[[@i0006-3363-94-1-5-b83]\] in both intact and orchiectomized TP-exposed males, suggests that prenatal testosterone exposure induces reduced insulin signaling, which may contribute to glucose intolerance.

In conclusion, the present study shows that prenatal testosterone excess leads to development of defective pancreatic morphology, generating alterations in plasma insulin levels during adult life, which may contribute to the development of hyperinsulinemia and insulin resistance. Although mechanisms linking prenatal testosterone to insulin resistance in later life are likely to be complex, the present study underscores the importance of gonadal hyperandrogenism. In addition, we show that prenatal testosterone excess induces the direct programming effect by decreasing skeletal muscle IRβ levels that are independent of postnatal testosterone levels. Future studies are warranted to dissect out the testosterone-mediated programming mechanisms in utero as well as signaling events that lead to the development of insulin resistance in adult life. Understanding these mechanisms is pivotal for the development of novel strategies to prevent and treat type II diabetes and related metabolic dysfunctions.
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